Using ab initio density functional calculations, we investigate the energetics of hydrogen in amorphous silicon. We compare a hydrogen at a silicon bond center site in a-Si to one in c-Si. In addition, we identify the energetics of the dominant traps for H in a-Si. The present calculations are used to elucidate many experiments and concepts regarding hydrogen in amorphous silicon.
I. INTRODUCTION
Large concentrations of hydrogen (5-15 %) are needed to grow device quality films of amorphous silicon (a-Si:H). Hydrogen plays an important role in passivating electronic defects. The incorporation of hydrogen lowers the concentration of both the mid-gap states (by a factor 10 3 or more) and band tail states. However, hydrogen can also be a source of defects. For instance, in a-Si:H, the motion of hydrogen is linked to the generation of intrinsic and metastable mid-gap electronic defects. [1] [2] [3] [4] Determining the relationships of hydrogen to electronic defects is possible only if the mechanisms and energetics for H bonding and diffusion are well understood.
The details of hydrogen transport and bonding in amorphous silicon have been discussed extensively in the literature. [5] [6] [7] [8] [9] [10] [11] [12] Network disorder leads to a broadening of the energy levels. [8] [9] [10] Therefore, it is appropriate to use a H density of states model [9] where the hydrogen chemical potential energy would determine the occupancy of various hydrogen binding states. However, recent work suggests the discrete trapping levels in Figure 1 are sufficient to describe many aspects of H bonding and diffusion. [7] The quantity E a in Figure 1 is the activation energy for long range diffusion; E m is the average migration barrier as H moves along the transport levels; and ∆E is the energy difference between the deep and shallow trap levels. For intrinsic a-Si:H, a large number of studies report the activation energy (E a ) is 1.4-1.6 eV. [6] [7] [8] Fewer studies produce estimates for E m and ∆E, finding E m ≃ 0.5 eV [8, 11] and ∆E>0.4 eV. [8, 12] In addition, the microscopic structures responsible for the three trapping levels are not fully understood. Studies suggest that transport level diffusion in a-Si is similar to H diffusion in c-Si with the bond center site being the transport level. [8, 11] Regarding the shallow trap level, several studies indicate that the shallow traps are formed when hydrogen atoms break weak silicon bonds to form covalent Si-H bonds. [8, 14, 15] However, the mechanisms and energetics of the H insertion are not well understood. Besides passivating weak bonds, hydrogen also passivates isolated dangling bonds. These isolated dangling bonds constitute the deep traps for H in a-Si:H. In addition, the mechanisms for intrinsic and metastable defect formation are still controversial.
Some argue that the defects are unpassivated isolated dangling bonds [4, 9, 16] whereas others suggest the defects are weak bonds broken by one hydrogen atom. [10] The limits to the understanding of the role of hydrogen in a-Si are due in part to the lack of reliable theoretical calculations.
Ab initio methods have been used to study H in c-Si and the results have been applied to H in a-Si; [8, 9] however ab initio calculations for H in a-Si have not previously been performed. Previous studies of H in a-Si, based on semiempirical [11, 17] or approximate [14, 18] Hamiltonians, were limited in scope and a consistent picture of H bonding and diffusion did not emerge. In several studies [9, 11, 17, 18] only two bonding sites were considered for H in a-Si. The bond center site was associated with the transport level (see Ref. [9, 11, 18] ) and the silicon dangling bond site was considered as the trapping level (see Ref. [9, 11, 17, 18] ).
In these studies, no consideration was given to the possibility that a strained Si-Si bond could be broken to form two Si-H bonds. Not considering the clustered phase Si-H bonds makes it difficult for these studies to be consistent with a variety of experimental results.
For instance, if only single Si-H bonds exist in a-Si:H then as H evolves the dangling bond concentration should be at least equal to the evolved H concentration. However, it has long been observed that the dangling bond concentration during evolution experiments stays orders of magnitude smaller than the evolved H concentrations. [5, 15] A specific model for Si-H clusters, based on ab initio calculations for H * 2 in c-Si, is discussed in Ref. [8] . The H * 2 model involves a (Si-H Si-H) configuration where one H atom is in a bond center site and one is in an anti-bonding site. A survey of several a-Si:H structural models did not find any structures similar to H * 2 , but instead found hydrogen clusters similar to a hydrogenated vacancy where in some cases a strained Si-Si bond would form upon the removal of two hydrogens. [14] The energetics of these clustered hydrogens were calculated in Ref. [14] but, as noted by the authors, the approximate method used prevented quantitative analysis. For instance, the energy of the clustered hydrogens relative to either an H 2 molecule or a bond centered hydrogen atom could not be determined. The present calculations will quantify the trends found in Ref. [14] .
The rest of this paper is as follows. In Section II, we present the calculation details including a discussion of the a-Si:H model which we use. In Section III, we report our results for the energetics of bond centered H and the hydrogenated vacancy in c-Si . In Section IV, our results for bond centered H in a-Si:H are presented. In Section V, Si-H binding and Si-Si bond reconstructions in a-Si:H are examined. In Section VI, we discuss our results in the context of a variety of experiments in a-Si:H. In Sect. VII, we draw our conclusions.
II. CALCULATIONAL DETAILS
In this work, we carry out ab initio total-energy calculations using a self-consistent, spin averaged implementation of density functional theory (DFT) within the local density approximation (LDA). [19] The computer code we use was originally written by N. Troullier.
We use norm-conserving, non-local pseudopotentials developed by Troullier and Martins. [20] For the pseudopotentials, a core radius of 2.25Å and 0.2Å are used for silicon and hydrogen, respectively. For the exchange-correlation potential in the LDA, we employ the established results of Ceperly and Alder [21] as parametrized by Perdew and Zunger [22] .
For H in c-Si, periodic supercells with simple cubic symmetry are employed. Using the theoretical lattice constant the cell length is 10.8Å. The initial c-Si cell includes 64 Si atoms. Integrations over the first Brillouin zone are replaced by summations using a 2x2x2 sampling which, depending on the symmetry of the configurations involved, reduces to 1-3 high symmetry k-points in the irreducible wedge. [23] For the plane wave basis, we find a cut off energy of E c =18 Ryd. is sufficient. For the calculations of interest, the above implementation of DFT is well converged and similar implementations have been widely used to investigate H in bulk c-Si. [13, 25] Since our a-Si:H model is large and has no symmetry, a more efficient implementation of DFT is desirable. For our calculations of H in a-Si:H we modify our DFT-LDA implementation as follows. Brillouin zone sampling is limited to one k-point at (0.5,0.5,0.5) and for the plane-wave basis an energy cutoff of E c =16 Ryd. is used. Test calculations for H in c-Si were performed and are reported in Table I . Although the absolute energies differ by over 0.5 eV, the relative energy of a three center bond (Si-H-Si) versus an Si-H bond is less than 0.1 eV from the converged results. Moreover, when comparing the energetics of a (Si-H-Si) bond in c-Si versus a-Si:H, the errors should be smaller still. For all calculations, we employ a conjugate gradient geometric minimization scheme to allow all the atoms to relax until each component of every atom's force is less than 0.1 eV/Å. The a-Si:H model we use was first developed by Guttman and Fong in 1982. [24] A ball and stick representation of the model is presented in Figure 2 . The model includes 54 Si and 6 H atoms giving a H content of 10 % which is consistent with device quality glow discharge films. The model has no coordination defects and has been found to be the best model of its size. [14] The average silicon bond length is 2.35Å which is 0.02Å longer than the silicon bond length in c-Si and the average silicon bond angle is 109.5
• same as in c we estimate ±0.2 eV to be the uncertainty in our calculations. Despite the uncertainties involved, the present study quantifies the effects of the disordered network and provides a microscopic picture of important mechanisms for hydrogen bonding and diffusion in a-Si:H.
III. HYDROGEN IN CRYSTALLINE SILICON
The calculations for H in c-Si reported below have in part been previously performed by
Van de Walle [25] using a smaller 32 atom supercell. Binding energies are typically reported as positive if bonding is favored. In these calculations, we will report energies relative to the bond energy of a H at a silicon bond center site in c-Si. Let E(X) designate the total relaxed energy of supercell labelled X, then the bond energy for H at a silicon bond center
Using this convention, the bond energy of one (Si-H) bond at a hydrogenated vacancy is given by the following: [27] 
where VH 4 represents a fully hydrogenated vacancy and VH 3 represents a vacancy where three of the four dangling bonds are passivated by a H atom. We have chosen the sign such that a negative value of the bond energy represents a bound state relative to H BC . We find the bond energy of Si-H at a hydrogenated vacancy to be -2.04 eV (row 2 in Table II) close to -2.13 eV as calculated by Van de Walle. [25] We have also calculated E(V), the energy of a relaxed vacancy. Our value for the formation energy of a silicon vacancy relative to c-Si is 3.51 eV consistent with other values found in the literature (see Ref. [29] and references therein). The average bond energy for the Si-H bond at a vacancy can be defined as:
The average bond energy for Si-H at a vacancy is 1.93 eV where Jahn-Teller like silicon reconstructions [29] account for the average being higher than the single Si-H binding energy.
We find the energy per reconstructed bond is 0.05 eV. The above results are included in Table II which will be discussed below in the context of our calculations for H in a-Si.
IV. BOND CENTERED HYDROGEN IN AMORPHOUS SILICON
Because of disorder, the structure and energetics of Si-Si bonds in a-Si vary from site to site. In order to capture this variation, we examined 13 bond center sites. Since a-Si has no crystallographic symmetry, the bond center site is not unambiguously defined and may not be a stable configuration. For the 13 sites examined, we first placed the H mid-way between a Si-Si bond and then allowed all the atoms to relax. Below we examine the structure, energetics and electronic structure of H BC in a-Si. Table III , we report both the Si-H bond lengths and the Si-H-Si bond angle for all 13 cases examined. There are only three sites whose final configuration suggest a three center bond may not have formed.
In one case (site 10 in shorter than the other (at 1.78Å); in the third and exceptional case (site 13 in Table III) , both of the above conditions hold. In the two cases where the Si-H-Si bond angle is less than 140 o , it may be possible that a weak Si-Si bond persists after we insert the H atom.
However, in both cases the final Si-Si distance is over 3.0Å inconsistent with silicon bonding.
[14] In all 13 cases, the initial Si-Si bond is broken by the H atom and, as will be discussed below, the electronic structure is similar to a three center bond (Si-H-Si). Fedders [18] also inserted H into silicon bonds using a high quality a-Si:H model. However, he found 2 of 8 attempts failed to produce a three center bonds, somewhat contrary to our results. These differences may be attributed to the approximate calculational method used by Fedders [18] ; moreover, the method has recently been shown to overestimate the Si-Si strain energies [14] so the Si-H-Si bond will be more sensitive to the network strain; therefore, the Si-H-Si bond will be less likely to form in cases were the local network strain is compressive in nature.
Our conclusion is that the three center bond in a-Si is a locally stable configuration.
In Table III , we also report relaxed bond energies for H BC in a-Si given by
where a-Si:H designates the Guttman-Fong model. The bond energies range from +0.01
to -0.50 eV. We find the average H BC bond energy, for H in the neutral charge state, is -0.21 eV (also reported in Table II ) with a standard deviation of 0.05 eV. Fedders [18] reports an average bond energy of -0.52 eV and a bond energy range of 1.0 eV. The study of Li and Biswas [17] was not directly aimed at calculating the average H BC in a-Si relative to c-Si. However, for silicon bond lengths similar to those reported here, the results of Ref. [17] indicate a bond energy range of nearly 2.0 eV. Since all a-Si:H models are of similar quality, quantitative differences may be attributed to the approximate methods used in Ref. [17, 18] .
The first two columns of data from Table III are reported in Figure 3 where along the x-axis is ∆R -the silicon bond length in a-Si relative to 2.33Å (the bond length for silicon bonds in c-Si). For the longest Si-Si bond length examined (2.46Å), the H BC bond energy is -0.50 eV which corresponds to -0.38 eV per 0.1Å increase in bond length assuming a y-intercept at 0.0 eV. This result appears to be consistent with the value of -0.4 eV per 0.1Å increase in bond length reported by Van de Walle and Nickel. [30] To examine these results more closely, we also fit the 13 data points in Figure 2 to the line given by:
where E 0 is the bond energy at ∆R=0, α is a constant in units of (eV/Å), and ∆R is the difference from the c-Si bond length (inÅ). We find E o = -0.17±0.03 eV and α=2.6±0.6 eV/Å.
The error bars indicate the 95 % confidence of the linear fit. These results contradict the results of Li and Biswas [17] who found E 0 = 0.0 eV and α ∼6.3 eV/Å; however, it should be noted that the study of Li and Biswas was more concerned with cases where ∆R>0.1Å
whereas all but one of our calculations are for ∆R<0.1Å. Closer to our results are the results of Van de Walle and Nickel [30] who used ab intio DFT-LDA calculations to examine the energy of H in strained Si-Si bonds in a c-Si environment. They found E 0 = 0.0 eV (by construction) and α=4.0 or 4.6 eV/Å associated with bond angle and bond length strain, respectively.
Similar to H BC in c-Si, for all 13 cases, we find the H BC in a-Si has a donor state just below the conduction band edge which is consistent with the results in Ref. [17, 30] . For all 13 final configurations, the deconvolution of the eigenvectors was calculated. In all cases except one (site 13 in Table III) , the donor state which resulted from the H BC is localized on the two Si atoms and one H atom which form the three center bond. The exceptional case is associated with a Si-H-Si structure where the bond is far from linear and one Si-H bond is 1.56Å with the other Si-H bond length being rather long (1.78Å).
V. COVALENTLY BONDED HYDROGEN IN AMORPHOUS SILICON
As previously mentioned, there are six covalently bonded hydrogen in the Guttman- Table IV where
Three of the hydrogens at sites 1, 2 and 3 in Table IV were notably higher in energy (at -1.84, -1.81 and -1.71 eV, respectively) than two H atoms at sites 4 and 5 (at -2.01 and -2.05 eV, respectively). [27] The H at site 6 was highest in energy (-1.48 eV) and is discussed seperately. In contrast to our results, Fedders [18] calculates Si-H bond energies between -2.03 and -3.06 eV; [27] again, differences may be attributed to the approximate method used by Fedders.
[18] For cases 1-5 in Table IV, Table IV , breaking the Si-H bond caused the Si atom to bind to a nearby Si, making it over coordinated; moreover, a mid-gap defect level forms but the eigenstate is localized on several neighbors of the overcoordinated Si. The defect level is occupied by one electron. The binding energy in this case is nt,xd Therefore, the 5-fold silicon structure we report may only be indirectly involved in defect formation. Another proposal for mid-gap defect creation is that a weak silicon bond could be broken by one H atom such that an isolated dangling bond forms. [10] Since the weak bond structure is complex relative to an isolated dangling bond, it is difficult for us to explicitly test this last proposal.
Our calculations are consistent with the following picture of long range H diffusion in amorphous silicon: Si-H bonds break in pairs leaving reconstructed silicon bonds behind as the H atoms hop along bond center sites. Referring to the energies in Figure 1 , the activation energy for long range diffusion is E a where E a -E m = E T -E S . We did not examine migration barriers for H in a-Si so we do not have a theoretical result for E m . If we use a previously established value of E m ≃0.5 eV [8, 11] , then our estimate for E a is (+1.25 -0.21 + 0.5= 1.54 eV) which is within the experimental range of 1.4-1.6 eV. Other researchers have
proposed that the hydrogen chemical potential and therefore the transport level are lower in energy than calculated here. [8, 17] In these schemes, H transport takes place along weak silicon bonds at the edge of Si-H clusters. We examine this possibility in the Guttman-Fong model. In the model, all the H atoms are clustered in nearly a planar region (see Figure 2) .
Nevertheless, for any of the 6 covalently bonded H atoms to move across the 10Å cell along BC sites in any direction at least one typical silicon bond would be encountered. Therefore, although the energies of all the possible paths have not been explicitly calculated, our results do not support the weak bond H transport proposals suggested in Ref. [8, 17] .
Since isolated Si-H bonds are stronger than clustered phase Si-H bonds, it is difficult to directly observe trapping or de-trapping of H from isolated Si-H bonds in the presence of clustered phase Si-H. A recent experiment by Mahan et al. [12] measured the Si-H IR stretching mode absorption as H evolved from an a-Si:H sample. They found the decrease in IR absorption was thermally activated in two regimes. Initially, the activation energy was 1.4 eV consistent with evolution being limited by long range H diffusion as discussed above.
Then, after ∼70% of the hydrogen evolved, the activation energy was 2.1 eV. In general, there may be a continuum of bonding states between shallow and deep traps. The fact that two discrete activation energies fit the Mahan et al. [12] data suggests that between the shallow and deep trap sites is a significant reduction in the density of Si-H bonding states.
Our calculations show that the reduction in bonding states is natural since two distinct traps are involved: shallow traps are highly strained silicon bonds and the deep traps are silicon dangling bonds. To compare our calculations with evolution experiments one should note that H atoms associated with the shallow trap level will evolve first and so cannot also be associated with the deep trap level. Thus, the calculated value of ∆E relevant to evolution studies is, from our analysis, ∆E≥0.7 eV, in agreement with the results of Mahan et al. [12] which indicate ∆E∼0.7 eV.
Finally, let us comment on the diffusion of H in p-type a-Si:H. First we must examine the energetics of the transport and shallow trap levels upon doping. For H in the shallow traps (clustered phase) no gap levels exist so the energetics will not depend on the doping level. Upon removing H from the clustered phase, the localized gap level is filled and is near the valence band edge so the energetics for this structure will also not depend on the doping level. In contrast, the H BC electronic structure includes one electron in a level just below the conduction band. For p-type and intrinsic a-Si:H the postively charge hydrogen may be energetically more favored. For a typical H BC (site 9 in Table III) , we calculated the relaxed energy of the configuration in the +1 charge state by removing an electron from the supercell. The bond energy of H + BC will depend on the location of the Fermi level (E f ), as follows:
The results of this calculation are sketched in Figure 5 . Given only one calculation and the uncertainties of the gap levels, [26] we apply these results with caution. Since the theoretical gap is 1.0 eV, intrinsic a-Si:H corresponds to the fermi energy at +0.5 eV in Figure 5 . Examining Figure 5 it appears that H in the nuetral charge state at a typical bond center site is more stable than H in the positive charge for intrinsic a-Si:H. Assuming the migration energy for H is the similar for intrinsic and p-type a-Si:H, our estimate for the activation energy for long range H diffusion in p-type material is 0.3 eV lower than in intrinsic a-Si:H. Thus, for p-type a-Si:H, we find E a ∼1.2 eV, which is within the experimental range of 1.1-1.4 eV. [6] VI. CONCLUDING REMARKS
We have performed the first ab initio calculations for the structure, energetics and electronic structure of hydrogen in amorphous silicon. We compare our calculations for H in a-Si with analogous calculations for H in c-Si (see Table II ). Our results are quantitatively compared to other theoretical studies. We provide estimates for the energies of hydrogen trap levels (E T , E S and E D in Figure 1 ). We find the transport level, shallow trap and deep trap can be associated with the Si-Si bond center site, highly strained Si-Si bonds and isolated dangling bonds, respectively. Also, analysis of our results compares well with observations in a-Si:H regarding H evolution and long range diffusion (for intrinsic and p-type a-Si:H).
Finally, the present calculations provide some insight into the H bonding states that may be involved in the formation of electronic defects in a-Si:H.
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